Among the various methods to improve the heat transfer characteristics of nucleate boiling, the present research concen-
INTRODUCTION
Because of the development of electronic technology, the heat generation density from semiconductors continues to increase. On the other hand, the electronic devices of Si semiconductors have a limitation of operating temperature. New semiconductors of SiC or GaN with higher thermal toughness are still under development, especially for those of large capacity. The cooling of large semiconductors such as power electronics with high heat generation density becomes an important subject to be investigated.
Liquid cooling utilizing the transportation of latent heat during nucleate boiling heat transfer has more advantages than the conventional cooling methods by air or by single-phase liquid. Because of the high heat transfer coefficient inherent in nucleate boiling, the cooling at high heat flux becomes possible minimizing the temperature difference between the surface and the coolant. Various methods have been attempted so far to increase critical heat flux (CHF). One of the present authors had developed a new structure of heating surface assembly to supply liquid to a large heating surface, where the heated length was substantially reduced (Shinmoto et al., 2009 ). The liquid is supplied from the transverse direction perpendicular to the main flow on the heating surface by the aid of auxiliary channels located at the side of or behind the main heated channel. This structure makes possible the liquid supply directly downstream of the heated channel without being interrupted by the accumulation of generated vapor. On the other hand, it is well known that CHF in subcool boiling assumes high values and the values can be further increased by microbubble emission boiling (MEB) under highly subcooled conditions (Suzuki et al., 2005) . However, to keep the high subcooling of liquids practical, a flow boiling system is usually necessary to supply subcooled liquid steadily to the surface, and the two-phase flow loop requires many components. Another method is to use the miscible mixtures with a peculiar surface tension behavior. According to the experiments (Abe, 2005) using the mixture with the "selfrewetting" action, the limit of heat transportation rate by heat pipes was drastically increased. This was expected to be caused by Marangoni force where the temperature gradient in addition to the concentration gradient along the liquidvapor interface induced the liquid flowing towards the three-phase interline formed underneath boiling bubbles. Such a case is actually possible when the value of surface tension increases with temperature for the aqueous solutions of alcohol with higher carbon number in a certain concentration range (Vochten and Petre, 2005) . For pool boiling, the increase in CHF was reported for heated wires (Van Stralen, 1956 ), while no marked increase was observed for a horizontal flat surface (Sakai et al., 2010) . Sakai et al. tried to explain its reason by the difference of structure for the liquid supply between both configurations. There are other methods to increase CHF, e.g., the application of a finned surface to increase the substantial heat transfer area keeping the nominal area constant, and/or the change of surface nucleation characteristics. In the present paper, the possibility of immiscible liquid mixtures in nucleate boiling heat transfer is studied experimentally. The cooling systems utilizing boiling heat transfer have an unavoidable disadvantage in addition to the advantage. Once incondensable gasses are mixed into the vapor, the condensation process is seriously interfered because the local vapor saturation temperature is decreased in the vicinity of condensation interface due to the local reduction of vapor partial pressure. To avoid the mixing of incondensable gases, it is desired to operate the cooling systems at higher than atmospheric pressure. However, at the same time, the elevation of operating pressure increases the saturation temperature, which implies the increase of the surface temperature to be cooled.
A large value of critical heat flux is expected for water compared to those for organic coolants. However, the saturation temperature for pure water is higher, in general, than the upper temperature limit for Si semiconductors, if the cooling system is operated at higher than atmospheric pressure. The application of immiscible liquid mixtures to the cooling systems can decrease the operating temperature of semiconductors, because the equilibrium liquid temperature is subcooled for both components under the total pressure given as the summation of partial pressures. By using immiscible mixtures in the systems, the volumetric ratio of the components accumulated on the heating surface plays an important role in the heat transfer. Under the gravitational conditions, immiscible liquids are separated to form the layers on the heating surface at least before the starting of heating, where the component with higher density directly contacts the heating surface. The thicknesses of the layers are related to the volumes of components enclosed in a vessel and the internal configuration of the vessel.
Transportation characteristics for two-phase flow of immiscible liquids are often discussed in the petroleum industry. Clark and Shapiro (1949) found the reduction of pressure gradient by the injection of water into an oil pipeline. Russell and Charles (1959) and Russel et al. (1959) clarified analytically the effects of volumetric flow rate and viscosity of immiscible liquids on the pressure gradient. Charles and Redberger (1962) found that the wave motion and the mixing at the oil-water interface promoted the reduction of pressure gradient and the predicted values were higher than the experimental ones. Yu and Sparrow (1969) clarified that the two-phase pressure drop for immiscible mixtures was insensitive to the shape of the interface. Tipman and Hodgson (1956) found that emulsions of oil and water had a higher pressure gradient than pure oils.
On the other hand, the flow of stratified immiscible liquids is an essential method for the production of a multilayer sheet or film by the coextrusion of different molten plastics, and for the production of bicomponent fibers by the spinning of solutions and melts. It is well known that the interface between immiscible liquids distorts in the flow. Ballman (1973, 1975) assumed that the interface behaviors were caused by the elasticity difference between the liquids, the preferential wetting of the tube wall by one of the liquids, and the viscosity difference between the liquids. They demonstrated the effects of elasticity and viscosity on the interface behaviors. Everage (1973) analytically simulated the viscosity effects and examined them experimentally. The extension of the analysis to the stratified liquid flow indicated that a low-viscosity liquid encapsulated a high-viscosity liquid and the distribution of liquids became annular in a tube (White and Lee, 1975) . Minagawa and White (1975) verified the encapsulation throughexperiments using polyethylene and TiO 2 -filled polyethylene. and investigated the flow mechanisms of immiscible liquids with a small density difference, where the breakup of annular flow occured by either of two mechanisms -the collapse of the core liquid by strong Rayleigh waves, or the rupture of the liquid film contacting the top wall by the ascent of a lighter core liquid.
There is a very limited number of existing studies for the pool boiling of immiscible mixures. On the other hand, there exists a number of experimental and theoretical studies for nucleate boiling heat transfer using miscible binary mixtures, where the heat transfer coefficients are usually lower than those for the "ideal" values evaluated by the interpolation directly of the heat transfer coefficients or of the surface superheats for the pure components at the same pressure. Or more precisely, the heat transfer coefficients are lower than the hypothetical single component with the same thermophysical properties as the relevant mixtures. Van Wijk et al. (1956) explained the mechanism for the lower heat transfer coefficient of binary mixtures. Stephan and Körner (1969) proposed a simple correlation to predict the heat transfer coefficient in nucleate boiling of miscible mixtures, which was followed by many modified predictive methods for the deteriorated heat transfer. The interfacial behaviors and heat transfer characteristics for immiscible liquid mixtures are, however, quite different from those for miscible mixtures, and the fundamental studies on the boiling phenomena peculiar to the immiscible liquids are needed. Bragg and Westwater (1970) classified the boiling modes observed for different immiscible mixtures. Nucleate boiling of immiscible mixtures in a closed vessel was investigated also by Bonilla and Eisenberg (1948) , where a jump of surface superheat was observed on the boiling curve of a water/styrene immiscible mixture at intermediate heat flux under a certain condition of volumetric ratio. The authors, however, did not pay attention to this trend. Sump and Westwater (1971) investigated the heat transfer due to film boiling, and clarified the enhanced heat transfer for an immiscible mixture of R113/water compared to that for pure R113. Mori (1978) observed bubble behaviors of six binary immiscible mixtures concentrating on the geometric shapes of the dispersed liquid around a single bubble rising in the continuous liquid phase, and classified them into four configurations by the relation of surface tensions for both liquids. Gorenflo et al. (2001) investigated nucleate boiling of water/1-butanol on a horizontal tube. The mixture becomes miscible or partially miscible depending on the concentration, temperature, and pressure. Based on the experiments varying concentration and pressure, they reported the weak dependence of miscibility on the nucleate boiling heat transfer.
Experiments were conducted also for the mixture of emulsions. Filipczak et al. (2011) studied nucleate boiling of water-oil mixtures. They showed in detail the distribution of oil, water, and vapor for different heat flux levels. The heat transfer coefficients for water-oil mixtures with high oil concentration were far smaller than those for nucleate boiling of pure water because of the contribution by free convection. They reported the transition of the heat transfer coefficient by the foaming at the initial stage of nucleate boiling and by the subsequent formation of emulsion. Roesle and Kulacki (2012) the concentration of the more volatile dispersed component FC72 or pentane was varied by 0.2%-1.0% and 0.5%-2.0%, respectively. The heat transfer data were obtained by using a horizontal wire. They reported two boiling modes, i.e., boiling of the dispersed component and boiling of dispersed and continuous components, depending on the heat flux level. For the volume fraction of the dispersed component larger than 1%, the heat transfer enhancement due to the boiling of the dispersed component was reported. Bulanov and Gasanov (2006) investigated nucleate boiling of four emulsions, n-pentane/glycerine, diethyl ether/water, R113/water, and water/oil, where more volatile components were dispersed in the continuous less volatile components. They reported the reduction of surface superheat at the boiling incipience for the emulsions compared to those for the pure liquids of the continuous component. For water/oil emulsions, the surface superheat at the boiling incipience became smaller for smaller droplets of dispersed component.
The existing experimental data for boiling of immiscible mixtures are still fragmentary. Because of the limited number of studies, no coherent trend or conclusion is derived. The objective of the present investigation is to clarify the boiling heat transfer to immiscible liquids, and to discuss the unusual trends not clarified in the past.
EXPERIMENTAL APPARATUS AND PROCEDURE
The experimental apparatus is composed of a boiling vessel, condensers, and a heating block assembly as shown in Fig. 1 . The boiling vessel is made from a stainless steel cylinder with an inner diameter of 200 mm and a height of 410 mm. Liquid and vapor temperatures are measured by four thermocouples located in the vessel. The condensers, hung from the top flange of the boiling vessel, regulate the liquid equilibrium temperature and then the total pressure. The upper edge of the cylindrical copper block is operated as the heating surface, and is heated by the cartridge heaters inserted in the bottom of the block. Eight thermocouples are inserted in the block at a depth of 1, 7, 13, and 19 mm from the surface along two axes at the center and at the 14 mm distance from the center. Sheathed thermocouples are employed. The outer diameters are 1 mm for the measurement of temperature distribution in the heating block, and 3 mm for the measurement of liquid and vapor temperatures.
The heating surface, a horizontal circular area with a diameter of 40 mm, is facing upwards, which is polished with sandpaper (No. 600) to keep the same nucleation characteristics for all experimental runs. The heating surface is
FIG. 1: Experimental apparatus.
surrounded by a circular thin fin cut out in one unit body to prevent the preferential bubble generation at the edge of the heating surface, and to minimize the heat loss from the periphery of the heating block.
Experiments are conducted under pool boiling conditions. After the enough time has elapsed to confirm the steady state of indicated temperatures by all thermocouples and of the total pressure, the data are acquired. The condition of critical heat flux is detected by the excursion of temperatures in the copper heating block. The heat flux, one step before the value of the resulting temperature excursion, is regarded as the critical heat flux in this experiment. The heat flux near CHF is increased in steps by an increment 10% of the previous value, which determines the resolution or the accuracy of the CHF measurement.
The uncertainties in surface temperature evaluated by the extrapolation of temperatures in the heating block are 0.075 and 0.525 K at heat fluxes 10 5 and 10 6 W/m 2 , respectively, which resulted from the error of 0.025 K for the temperature measurement by thermocouples and the error of 0.2 mm for the thermocouple locations in the heating block. The corresponding uncertainties of temperature difference between the heating surface and bulk liquid are 0.10 and 0.55 K, which causes the error of 1.0% and 1.4% for the measured temperature differences of 10 and 40 K, respectively, for the relevant heat fluxes. The errors of heat flux evaluated by the gradient of thermocouples are 3360 and 23-500 W/m 2 , reflecting the uncertainties for the temperature measurement and thermocouple locations, which results in 3.4% and 2.4% for the relevant heat fluxes. As a consequence, the errors of heat transfer coefficient are 4.4% and 3.8% at heat fluxes 10 5 and 10 6 W/m 2 , respectively.
For a selected mixture, experiments are performed at 0.1 MPa and corresponding constant equilibrium temperature independent of the volume ratio of the components. Table 1 shows the selected components for the mixtures tested. Water is used for all mixtures as a less volatile component with lower density. Any one of three components, FC72, Novec649, and Novec7200, as a more volatile component with higher density, is combined with water. As a result, FC72/water, Novec649/water, and Novec7200/water are selected as the immiscible liquid mixtures. FC72, Novec649 and Novec7200 have zero values of ODP (ozone depletion potential) and both of the Novecs have a smaller GWP (global warming potential) than FC72. Figure 2 shows an image for liquid layers of immiscible liquid mixtures before heating, where H 1 is the thickness of the more volatile component with higher density and H 2 is the thickness of the less volatile component with lower density. The combination of layer thicknesses is varied as one of the major parameters keeping the total thickness constant, where the value of H 1 plays an important role on the heat transfer characteristics. Once nucleate boiling is initiated, the liquid-liquid interface cannot be kept smooth but the complex physical mixing of immiscible liquids occurs. For all selected combinations of component liquids, the density of the more volatile component is higher than that of the less volatile component. If the situation is reversed, i.e., the density of the more volatile component is lower than that of the less volatile component, boiling is started in the layer of the less volatile component. Increase of the CHF value is expected by high subcooling of the less volatile liquid under the pressurization by the vapor of the more volatile component. If burnout occurs and the more volatile component can start to contact the heating surface under the conditions of the small layer of the less volatile component, the burnout cannot be suppressed. CHF values for more volatile components, in general, are smaller than that for the less volatile component, and this situation cannot be improved at all by the small subcooling of the more volatile component. The stable transition of heating surface temperature at the boiling incipience is an altenative advantage to use a more volatile component with higher density. This is a very important requirement for the cooling of, e.g., inverters of the electric automobile, where the thermal load is varied drastically. Nucleate boiling starts at a small surface superheat in the layer of the more volatile liquid and only a small overshoot of surface temperature is observed under the conditions of small subcooling under the low partial vapor pressure of the less volatile component. If the less volatile component, e.g., water, has accumulated directly on the heating surface, boiling never initiated before the heating surface temperature exceeds 100
• C at 0.1 MPa. A large hysteresis of surface temperature is expected for the large subcooling of water pressurized by a high vapor partial pressure of the more volatile component. A surface temperature larger than 100
• C does not meet the requirement for the cooling of most of the existing small semiconductors. The more volatile component should be selected so that it has a higher density than that of the less volatile component, and it suppresses the overshoot of surface temperature at the boiling incipience. Actually, the equilibrium temperature of the mixture FC72/water is 51.6
• C under the total pressure of 0.1 MPa, where only subcooled boiling is possible in the immiscible mixture system.
The boiling behavior for very small thickness H 1 of the more volatile component layer is expected to be quite different from that for a liquid pool of the relevant component because the liquid layer on the heating surface is easily consumed by the evaporation. In the experiment, the thicknesses of liquid layers H 1 and H 2 for more and less volatile components, respectively, are varied keeping the total thickness of 100 mm from the heating surface unchanged. The ratio H 1 /H 2 is varied as 0 mm/100 mm, 5 mm/95 mm, and 10 mm/90 mm. In the upper part of the boiling vessel, a guide plate is installed for the condensate to return to the heating surface from the periphery. Figure 3 shows the phase equilibrium diagram at the total preasure of 0.1 MPa for the immiscible liquid mixtures, FC72/water, Novec649/water, and Novec7200/water, respectively. The bubble point curve is represented by a solid line, below which the mixture is in the liquid state. On the other hand, the mixture is in the vapor state above the dew point curve represented by broken lines. The point where the two curves merge, i.e., the point similar to the azeotropic point existing in a part of the miscible mixtures, is observed for all of the immiscible mixtures tested here at the concentration near the pure, more volatile component. The dew point curve is calculated from the following equations (Prigogine and Dfay, 1954) :
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where, y is the mole fraction of vapor, h f g is the latent heat of vaporization (kJ/kg), and R is the gas constant (kJ/kg · K). The equilibrium temperatures and subcooling of each component under the total pressure of 0.1 MPa are shown in Table 2 for three mixtures. Figure 4 shows the interfacial and bubble behaviors of FC72/water mixtures for the thicknesses of the more volatile liquid H 1 = 50, 5 and 0 mm in addition to those for pure water at different heat fluxes. The behaviors for pure FC72 are almost the same as those for H 1 = 50 mm because its subcooling is very low as indicated in Table 2 . At heat fluxes larger than 4 × 10 5 W/m 2 burnout occurs for H 1 = 50 mm. For H 1 = 0 mm, after free convection of the less volatile liquid occurs on the heating surface, a large disturbance is observed at the boundary of the more and less volatile liquids around the cylindrical heating block A part of the more volatile liquid is conveyed to the heating surface and evaporated. The bubbles of FC72 are much larger than those for pure FC72. Their penetration into the water across the boundary of both liquids is interrupted before the bubble volume and then the buoyancy becomes larger by the lateral coalescence. It is clear from the pictures that the FC72 liquid is also lifted by the bubbles departing from the heating surface. After the bubbles surrounded by the FC72 liquid have reached the water surface, they collapse and only FC72 liquid droplets fall on the heating surface by the gravitational force. At low heat flux, the free convection of water plays an important role for the heat transfer. At higher heat flux, the amount of FC72 liquid conveyed to the heating surface is increased generating a larger number of bubbles. At high heat flux, the generation of water bubbles with a concentration of FC72 vapor is observed at the center of the heating surface, where the subcooling of the water pool is decreased by the free convection and by the release of latent heat from the bubbles composed partly of water vapor. In addition, the amount of vapor of FC72 is also increased by the reduction of subcooling at the center. On the other hand, no water bubble is recognized at the peripheral part of the heating surface owing to the quick condensation under the large subcooling for water still maintained in this location.
OBSERVATION OF INTERFACIAL AND BUBBLE BEHAVIORS
For H 1 = 5 mm, boiling of FC72 becomes a dominant heat transfer mode even at low heat flux and the contribution of free convection of water is reduced. As a consequence, the boundary of both liquid layers becomes unclear and fine FC72 bubbles similar to those for pure FC72 or for H 1 = 50 mm can penetrate into the water pool of low subcooling for FC72. The transparency of liquid is decreased for H 1 = 5 mm, because fine FC72 droplets are suspended in water like an emulsion. It is noteworthy that a large coalesced bubble is not observed at the center even under the highest heat flux condition for H 1 = 5 mm. Boiling of FC72 which occurs preferentially becomes more important for the heat trnafer compared to that of water in this case, and FC72 bubbles rise in the water pool with little reduction of their volume by the condensation. As a result, the water pool is maintained at high subcooling even at the high heat flux, and generated water bubbles immediately condense on the heating surface without their detachment. For H 1 = 10 mm, the interfacial behaviors are similar to those for H 1 = 5 mm, but burnout occurs at lower heat flux 3.5 × 10 5 W/m 2 . Trends similar to those described above were also observed for Novec649/water and Novec7200/water mixtures.
HEAT TRANSFER CHARACTERISTICS
Figures 5-7 show the heat transfer data for immiscible liquid mixtures FC72/water, Novec649/ water, and Novec7200/ water. Each figure also includes the data for a pure, more volatile component and a pure, less volatile component, i.e., water. The levels for measured CHF values are also represented by dotted lines. In some cases, CHF cannot be observed even at the upper limit of supplied heat flux which is determined by the limitation of operating temperature for the heaters inserted in the heating block. Because the experimental results for three immiscible mixtures have similar tendencies, the results for FC72/water are discussed below in detail.
Boiling Curve
Figure 5(a) shows the boiling curves for FC72/water and pure components, where the temperature differences are ∆T b defined by using the equilibrium temperature for the mixture and ∆T sat by surface superheat for pure components. In the case of small thickness for the FC72 layer, i.e., FC72/water, 10 mm/90 mm and 5 mm/95 mm, the local burnout and the small temperature excursion occur at the heat flux of around 2 × 10 5 W/m 2 which is lower than CHF for pure FC72 at 0.1 MPa. The lower burnout heat flux at the same pressure is curious because FC72 is subcooled for the mixture by the vapor pressure of water (P 1 = 0.088 MPa, T b = 51.6
• C, ∆T sub,1 = 4.3 K, P = 0.1 MPa). The reduction of CHF seems to be caused by the insufficient supply of FC72 for such a small initial layer thicknesses.
The evaporation of FC72 from its small inventory and the extension of local dry patches induce the burnout at lower heat flux. The area of dry patches underneath a coalesced bubble is extended by its growth, resulting in the increase in the surface temperature. When the diameter of a bubble exceeds a certain value characterized, for example, by the wavelength of Taylor instability, it becomes easier for water to contact the heating surface directly. In the usual burnout for pure FC72, the liquid contacting the surface is immediately evaporated keeping the vapor film on the heating surface without its collapse. On the other hand, if the surface temperature is far below the saturation temperature of liquid, the surface begins to be quenched by the natural convection of the liquid. As a result, after the increase of the temperature difference by around 20 K, the large dry patches causing the temperature excursion disappear followed by the stable heat transfer. The curve for the FC72/water mixture becomes similar to that for pure water by the further increase of heat flux. The small temperature excursion at the moderate heat flux is one of the important phenomena inherent in nucleate boiling of immiscible mixtures with a small layer thickness of more volatile liquid. The phenomenon is named "intermediate burnout" in the present study. The reduction of the temperature jump or the gradual change of surface temperature due to the intermediate burnout is desired for practical applications. The mixing of component liquids seems to be a key to determine such a transition of surface temperature. In the case of high velocity of a more volatile vapor and low density of a less volatile liquid, the physical mixing becomes more difficult, resulting in a distinct jump of surface temperature. On the other hand, with low velocity of a more volatile vapor and high density of a less volatile liquid, the physical mixing is easier and the surface temperature increases gradually. The mixing is also possible chemically by the solubility of components which becomes enhanced at higher equilibrium temperature. On the other hand, for a large thickness of FC72 (not shown), the heat transfer characteristics are almost the same as those for pure FC72 because of small subcooling as shown in Table 2 . The result indicates the existence of a boundary of layer thickness for FC72, where the heat transfer characteristic for immiscible mixtures changes from those for pure FC72. The curves for the mixtures (10 mm/90 mm and 5 mm/95 mm) are shifted towards the right after the intermediate burnout keeping gradients similar to that for pure water. These curves coincide with that for FC72/water, 0 mm/100 mm, in which no layer of FC72 contacts the heating surface and the side wall of the cylindrical heating block is exposed to FC72 at least before the heating.
Figures 6(a) and 7(a) show boiling curves for Novec649/ water and Novec7200/water, respectively. For Novec649/ water (10 mm/90 mm and 5 mm/95 mm), no clear intermediate burnout is observed, but the curves shifted to that for 0 mm/90 mm at low heat flux. The trend, caused by the mixing of water with Novec649, is more emphasized
(c)
FIG. 7:
Heat transfer characteristics for Novec7200/water.
for 5 mm/95 mm, where the influence of the more volatile liquid layer is smaller. The curves for the mixtures with different layer thicknesses coincide well with that for 0 mm/100 mm. For Novec7200/water (10 mm/90 mm and 5 mm/95 mm), the clear intermediate burnout is observed again. The heat flux of intermediate burnout for 10 mm/90 mm is lower to some extent than that for pure Novec7200, while the transition heat flux for 5 mm/95 mm is higher and the temperature difference jumps more distinctively. Also in this case, the curves for the mixtures after the intermediate burnout coincide well with the curve for 0 mm/100 mm.
Heat Transfer Coefficient and Surface Temperature
Figure 5(b) shows heat transfer coefficients for FC72/water plotted against heat fluxes. The heat transfer coefficient after the intermediate burnout is clearly lower than that for pure components except the case of large H 1 (not shown) which is almost equivalent to pure FC72 as mentioned before. For mixtures the heat transfer coefficient is defined by using the measured liquid temperature which is near the equilibrium temperature shown in Table 2 and is independent of the volumetric ratio at the constant total pressure of 0.1 MPa. At low heat flux before the occurrence of the intermediate burnout, the deteriorated heat transfer from that for pure FC72 is caused by the non-negligible contribution of natural convection by water flowing in the heating surface. The situation is essentially different from the case of miscible mixtures, where the deterioration is caused mainly by the diffusion resistance. At high heat flux beyond the intermediate burnout, the heat transfer deterioration is again observed. This is caused mainly by the definition of the heat transfer coefficient by using the subcooled temperature at around 52
• C measured for mixtures instead of around 100
• C for pure water at the same (total) pressure of 0.1 MPa. Heat transfer is dominated by boiling of water at least for the surface temperature far above 100
• C. In Fig. 5(c) , a large decrease of surface temperatures T w for the mixtures is clearly observed after the intermediate burnout despite superficial heat transfer deterioration. It is noteworthy that such reduction of heating surface temperature is also observed for 0 mm/100 mm. If surface temperature is insensitive to the degree of subcooling, heat transfer due to nucleate boiling is enhanced rather than deteriorated as indicated by the heat transfer coefficients in Fig. 5(b) . The enhancement of heat transfer is possible when bubbles or vapor columns of the more volatile component enhance the evaporation of the less volatile liquid.
Figures 6(b) and 7(b) show heat transfer coefficients for Novec649/water and Novec7200/water, respectively. For Novec649/water, the heat transfer coefficient starts to decrease from that for pure Novec649 at low heat flux. Boiling of Novec649 is gradually replaced by the natural convection of water. The heat transfer coefficients at higher heat flux coincide well with that for 0 mm/90 mm. This is true also for Novec7200/water, where the distinct intermediate burnout is observed.
Figures 6(c) and 7(c) show heating surface temperatures for Novec649/water and Novec7200/water, respectively. Reduction of surface temperature from that for pure water is clear. The degree of reduction for Novec7200/water, 0 mm/100 mm is smaller than that for 5 mm/95 mm.
Critical Heat Flux
In Figs. 5-7, the levels of critical heat flux are represented by the horizontal or vertical dotted lines. As mentioned before, the actual CHF value accompanied by the serious temperature excursion was not measured for FC72/water (5 mm/95 mm) because of the limitation in the operating temperature of cartridge heaters. However, the result shows that the CHF value is at least 36% higher than that of pure water. Ivey and Morris (1966) proposed the following correlation:
The values of CHF estimated by this correlation are as much as 4.3 × 10 6 W/m 2 for pure subcooled water, where the liquid subcooling of 48.4 K corresponding to the equilibrium temperature 51.6
• C for FC72/water at 0.1 MPa is substituted into Eq. (3) and the CHF for the saturated condition is given by the experimental value. A similar increase of the CHF value is expected for FC72/water with small H 1 such as 5 mm. On the other hand, the experimental result shows that the CHF for FC72/water (10 mm/90 mm) is much lower than that of pure water. This difference in the trend of CHF can never be reproduced by the variation of thermophysical properties averaged by using, for example, volumetric ratios. For 10 mm/90 mm, even after the occurrence of intermediate burnout, boiling of the FC72 and water mixture continues because the evaporation of the FC72 layer is not enough. The layer of FC72 becomes a barrier for the subcooled water to make enough contact with the heating surface.
The similar trend is observed for Novec7200/water (10 mm/90 mm), while CHF value of Novec7200/water (10 mm/90 mm) is quite large and is almost the same as that for pure water.
SUMMARY OF NUCLEATE BOILING OF IMMISCIBLE LIQUID MIXTURES
In Fig. 8 , the data of immiscible liquid mixtures for H 1 = 5 mm are summarized. In almost all of the existing studies, the surface superheat ∆T sat is used as an abscissa of the boiling curve (Nukiyama, 1934) . To study the boiling of immiscible binary mixtures for the application to the cooling of semiconductors, the plot of heat flux versus the surface temperature T w is more useful.
The agreement of heat transfer characteristics at high heat flux, which is almost independent of the selection of the more volatile component, implies that the thermal properties of water have a dominant role in the heat transfer. The obvious reduction of surface temperature is caused by the enhanced evaporation of water by the aid of bubbles or vapor slugs of the more volatile component. Then, the enhancement seems to be related to the evaporated vapor volume of the more volatile component. To verify the explanation, the ratios of liquid density to vapor density, i.e., multipliers to evaluate the vapor volume generated from the more volatile liquid of a fixed volume, were compared. Little difference between 121, 121 and 138 for FC72/water, Novec649/water and Novec7200/water, respectively, is consistent with the coincidence of wall temperatures at high heat flux. Figure 9 illustrates qualitatively the trends for the nucleate boiling of immiscible mixtures on the horizontal flat plate when the liquid layer of the more volatile component with higher density is small before the heating. Nucleate boiling characteristics can be classified into two regimes; the "more-volatile-dominated regime" and the "less-volatiledominated regime." In the more-volatile-dominated regime, nucleate boiling of the more volatile component dominates the heat transfer. The more volatile components have, in general, low CHF values and burnout occurs easily at low heat flux. If the layer thickness of the more volatile liquid is large, the value of CHF as a pure liquid gives almost the limit of heat removal. A large effect of subcooling on the increase in CHF cannot be expected because of low partial pressure of the less volatile component. On the other hand, the heat transfer can be continued without temperature excursion at higher heat flux when the layer thickness of the more volatile liquid is small. After the jump of surface temperature due to the tentative burnout in the more volatile liquid, named here "intermediate burnout," the heating surface is cooled again by the less volatile component. The heat transfer mode for the less volatile component is natural convection at moderate heat flux and nucleate boiling aided by the evaporated more volatile component at high heat flux. It is noteworthy that boiling or evaporation of the less volatile component can occur even though the surface superheat, defined by the saturation temperature of the less volatile component at the total pressure, is low or even negative. This is because the vapor phase of the more volatile component enhances the evaporation of the less volatile liquid on the heating surface.
In the more-volatile-dominated regime, the boiling curve by using the temperature difference between the surface and the equilibrium temperature is almost the same as that for pure liquid, because the influence of the less volatile component occupied at the upper location on the heat transfer is not large even at the small layer thickness of 5 mm of the more volatile component (except in the case of Novec649/water). On the other hand, in the less-volatile-dominated regime, the superficial deterioration of heat transfer coefficient for immiscible mixtures is clear compared with that for the pure, less volatile component at the same (total) pressure, when the heat transfer coefficients are defined by using the equilibrium temperature or the measured temperature. This is mainly caused by the excessive temperature difference corresponding to the liquid subcooling resulting from the self-compression effect by the high partial vapor pressure of the more volatile component. The deteriorated heat transfer of the immiscible mixture is superficial and the heat transfer seems to be enhanced by the aid of the generated vapor from the more volatile liquid, because the heating surface temperature in the less-volatile-dominated regime is smaller than that for the pure, less volatile component at the same pressure.
The value of CHF, not the heat flux of intermediate burnout for the immiscible mixtures, is seriously influenced by the thickness of the liquid layer for the more volatile component. When the layer thickness of the more volatile component is small, the CHF is determined by the heat transfer to the subcooled, less volatile component. Because of high subcooling by high partial vapor pressure of the more volatile component, a drastic increase in CHF values is expected. When the layer thickness of the more volatile liquid is large, CHF does not deviate far from that for the pure, more volatile component because of low subcooling of the less volatile liquid.
Under optimized conditions, the boiling of immiscible mixtures reduces the surface temperature at the same pressure and simultaneously increases CHF from the value for the less volatile component. Additionally, nucleate boiling can be initiated without excessive increase of surface temperature by the aid of the thin layer of the more volatile liquid with low subcooling which contacts the surface before the heating.
CONCLUSIONS
To find a method to establish high-performance cooling systems, the boiling heat transfer and the critical heat flux of immiscible liquid mixtures were investigated by using FC72/water, Novec649/water, and Novec7200/water at 0.1 MPa. The components of the mixture liquids were horizontally stratified on a horizontal flat heating surface before the heating. The thicknesses of the liquid layers were varied as an important parameter. For thin layers of the more volatile liquid with higher density, the following heat transfer characteristics not clarified so far were obtained.
(i) Larger CHF values than that for pure water are obtained under the high subcooling condition of the less volatile liquid resulting from the compression effect by the high vapor partial pressure of the more volatile component.
(ii) The heating surface is covered by the layer of the more volatile liquid with higher density and the subcooling of the layer is small because of low vapor partial pressure of the less volatile component. The incipience of boiling is possible without excessive increase of surface temperature. The trend is necessary for the cooling of, e.g., inverters for electric automobiles with a large variation of power consumption.
(iii) A new phenomenon, "intermediate burnout," occurs accompanied by a small jump of surface temperature due to the burnout in the layer of the more volatile liquid. This phenomenon occurs when the tempertaure of the liquid located on the vapor film or on a large coalesced bubble is below the saturation temperature coprresponding to the total pressure. On the other hand, the gradual increase of the heating surface temperature keeping the steady state by the stepwise increase of heat flux is possible when both of the component liquids are physically well mixed. The stable heat transfer is continued again at higher heat flux by the penetration of the highly subcooled, less volatile liquid into the heating surface.
(iv) In the less-volatile-dominated regime at the heat flux larger than that for intermediate burnout, the surface temperature is lower than that for a pure, less volatile liquid at the same pressure. This is because bubbles or vapor slugs of a more volatile component enhance the evaporation of the less volatile liquid. This trend is not reflected in the heat transfer coefficients defined by using the equilibrium temperatures or the measured temperatures which show only superficial deterioration due to the high subcooling of the less volatile liquid.
The self-sustaining high subcooling of the less volatile liquid brings the first advantages of great importance described above. The more volatile component introduced to pressurize the less volatile liquid produces the second advantage. Furthermore, the decrease of surface temperature is possible also at a pressure higher than atmospheric pressure, which prevents the mixing of incondensable gases from the outside of the container. Because of these features, the immiscible mixtures have a large potential to become working media for the high-performance cooling systems including those of a flow boiling system.
